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Sleep: Dozy Worms and Sleepy Flies
Recent work on quiescent states in Caenorhabditis elegans suggests that
worms exhibit behaviours reminiscent of satiety and sleep in mammals. At
a molecular level, signalling through the EGF receptor and protein kinase G
promotes quiescent states in both worms and flies, suggesting conserved
mechanisms for sleep-like behaviours.
Birgitta Olofsson1
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Humans do it. Fish do it. Ants and flies
appear to do it. But, despite decades
of intense work, we still do not
quite understand why we sleep and
how sleep is coordinated at
a molecular level. The most
obvious feature of sleep is reduced
movement — quiescence — and
decreased responsiveness to external
stimuli. Some of its other defining
characteristics can be appreciated
after a slumberless night. Loss of
sleep reduces alertness, diminishes
cognitive ability, and impairs memory.
As sleep deprivation increases, so too
does the drive for sleep. Stimulants
such as caffeine can delay the onset of
sleep but this becomes less effective
as sleep loss increases. Eventually,
lost sleep is compensated for by
longer and deeper subsequent
sleep periods.
The complexity of mammalian sleep
and the mysteries associated with its
biology make it attractive to ask: can
it be modelled in simple organisms?
Three recent studies [1–3] of quiescent
states in the nematode worm
Caenorhabditis elegans have revealed
provocative parallels between those
states and satiety and sleep in flies
and mammals. Excitingly, similar
molecular pathways have been
found to promote quiescence in
C. elegans and sleep in flies,
suggesting that similar pathways
may control sleep-like states in
different phyla.
For many years, nematodes have
been known to enter periods of
quiescence while they moult [4]
(Figure 1). During these periods,
called ‘lethargus’, nematodes reduce
movement and cease feeding.
Raizen et al. [2] investigated whether
lethargus displays sleep-like features.
C. elegans in lethargus exhibit reduced
responsiveness to external stimuli:
the authors tested responses to tap
and to the repellent odour 1-octanol.
Reduced responsiveness is also
a feature of sleeping mammals.
Another hallmark of sleep is
homeostatic control, by which sleep
deprivation is compensated for by
increases in subsequent sleep. This
is also a feature of lethargus in
C. elegans. Finally, when C. elegans is
delayed from entering quiescence
during moulting, it exhibits a higher
threshold for sensory arousal when
it does enter quiescence. This is
reminiscent of the behaviour of
mammals sleeping after a period of
sleep-deprivation. Thus, lethargus
recapitulates several behavioural
correlates of sleep, leading Raizen
et al. [2] to propose that it is a
sleep-like state.
Can these behavioural parallels be
extended to conservation at
a molecular level? Previous work has
shown that a gain-of-function mutation
in the protein kinase G (PKG) EGL-4
causes adult C. elegans to exhibit
lethargus-like cessation of feeding
and movement [5,6]; this increased
quiescence has at least some of the
defining characteristics of sleep [2].
Reciprocally, egl-4 loss-of-function
mutants show reduced quiescence
during lethargus [2]. To ask if the role
of PKG in regulating quiescence is
evolutionarily conserved, Raizen et al.
[2] studied its homolog in the fruit fly
Drosophila, encoded by the foraging
gene [7]. They found that flies with
reduced PKG activity sleep less
than strains with higher PKG activity.
This observation further supports
the view that C. elegans lethargus
resembles sleep.
Additional support for this
hypothesis comes from experiments
showing that both lethargus in worms
and sleep in flies are promoted by
EGF signalling [1,8]. In the fly, the
rate-limiting step for EGF receptor
activation is processing of ligands.
This is carried out by an integral
membrane protease called Rhomboid,
which cleaves and activates EGF
receptor ligands. Another protein,
Star, acts as a chaperone that helps
in the intracellular transport of these
ligands. Overproducing Rhomboid,
either on its own or in combination
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Figure 1. Lethargus in C. elegans.
Lethargus is a period of behavioural quiescence associated with moulting which displays
several characteristics associated with sleep (Figure courtesy of David Raizen).
Dispatch
R205with Star in cells that express EGF
ligands, strongly activates EGF
receptor signalling. Foltenyi et al. [8]
found that activating the EGF
receptor pathway in these ways
increases sleep. Conversely,
downregulating Rhomboid activity
by RNA interference (RNAi), or by
expressing a dominant-negative
form of the EGF receptor, causes
flies to reduce their sleep. RNAi
knockdown of rhomboid expression
specifically in a set of neurons in the
pars interecerebralis of the fly brain
was found to be sufficient to reduce
sleep levels, providing a neural focus
for control of sleep in the fly.
In the parallel work carried out on
C. elegans, Buskirk and Sternberg [1]
found that overexpressing the worm’s
sole EGF ligand, LIN-3, induces
lethargus-like behaviours. This effect
requires the LET-23 EGF receptor and
one of its downstream effectors, the
phospholipase Cg PLC-3, but not
Ras signalling. Disrupting
neurotransmission suppresses
LIN-3-induced quiescence, so it
seems likely that EGF signalling acts
by altering neural signalling. The
let-23 gene is expressed in only
a handful of neurons, including an
interneuron of hitherto unknown
function called ALA. The results of
neuron-specific genetic rescue and
cell ablation experiments indicate
that the EGF receptor acts in ALA to
promote quiescence in response to
elevated LIN-3 ligand. ALA is
surprisingly poor in both synaptic
input and output suggesting that it
plays a neuroendocrine role in
controlling quiescence. Importantly,
signalling by the ALA interneuron and
the LET-23–PLC-3 pathway promotes
quiescence, not only in animals that
overproduce LIN-3, but also in
wild-type animals undergoing
lethargus. Other pathways must also
contribute to inducing the quiescent
state, however, as disrupting PLC-3
signalling or ablating ALA only
partially disrupts quiescence during
lethargus.
The parallels between the fly and
the worm suggest that the EGF
pathway has an ancient role in the
regulation of animal quiescence. This
hypothesis is supported by work on
rodents. Infusion of TGF-a, a member
of the EGF family, into the third
ventricle near the superchiasmatic
nuclei of hamsters reversibly
suppresses locomotory activityand feeding, whereas mice defective
in EGF receptor signalling show
locomotory activity during the
day when wild-type animals are
inactive [9–11].
In mammals, sleep is often
associated with satiation after a
meal. In a further study, You et al. [3]
asked whether C. elegans displays
behaviours that resemble mammalian
satiation. By manipulating C. elegans
nutritional status, using different
bacterial food sources and mutants
with defects in food uptake, the
authors showed that well-fed worms
tend to become quiescent, that is
they intermittently stop pharyngeal
pumping and movement, whereas
malnourished worms do not. Mammals
that have been food-deprived become
more quiescent after re-feeding than
well-fed controls [12,13]. C. elegans
that have been re-fed after a period of
starvation exhibit a similar increased
quiescence. This quiescence
develops gradually over several hours
of re-feeding, and is disrupted by
mutations that prevent peptidergic
signalling, but not by reduced
acetylcholine, dopamine or serotonin
neurotransmission. Increased
quiescence when starved animals are
re-fed is promoted by the DAF-2
insulin-like receptor and the TGF-b
ligand DAF-7. This is consistent with
previous reports that daf-7 expression
is upregulated by re-feeding after
starvation [14].
What neural circuits control
quiescence after feeding? The answer
to this question remains outstanding,
but a glimpse is available from analysis
of mutants in the PKG gene egl-4 [15].
Loss-of-function egl-4 mutants do
not show quiescence behavior, even
after fasting and refeeding [3]; by
contrast, gain-of-function egl-4
mutants exhibit increased quiescence
in the presence of ad libitum food
[3,5,6]. Expression of egl-4 in
a subset of 14 sensory neurons
restored quiescence behaviour to
egl-4 mutants. Further analysis will
elucidate which of these neurons are
important for satiety-induced
quiescence.
The parallels between sleep in flies
and mammals and quiescence in
worms are tantalizing. It will be
exciting to see if these similarities can
be extended further. For example, are
the distinct gene expression profiles
observed during sleeping versus
active flies and rodents also seen in theworm [16,17]? The theme emerging
from studies in worms, flies and
mammals is that quiescence and
sleep are controlled by multiple
peptidergic signals that probably act
in a paracrine or endocrine fashion.
The possibility that the molecular
machinery regulating quiescence and
sleep is conserved across phyla is
exciting as it allows us to harness the
strength of different animal models
to illuminate this mysterious area
of biology.
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Free-Riding and In
of Reproduction
We like to believe that human societies
kingdom, with intricate family structure
sophisticated social interactions. A new
complex that we are forced to reconsid
Seirian Sumner1 and Laurent Keller2
Social Hymenoptera — ants, some
bees and wasps — are renowned for
their vast, complex societies. Their
simplest societies comprise a single
reproductive queen mated to a single
male, but most are more complex,
consisting of multiple queens and
even multiple, multiply mated queens.
The ultimate eusocial outcome is
the evolution of a specialized caste
of workers who forage, rear brood
and defend the colony. Workers
cannot mate, but the hymenopteran
haplodiploid system of sex
determination means they retain the
ability to lay male (haploid) eggs
which, if not ‘policed’ (eaten) by other
workers, add extra complexity to the
emerging mosaic of family life.
Cape honeybee (Apis mellifera
capensis) colonies have a single queen
which, like all honeybee queens, mates
with many males. Uniquely, workers of
this species can reproduce asexually,
resulting in diploid female offspring.
They therefore have the potential to
reincarnate themselves genetically
as queens, and compete with their
mother queen and fellow sisters over
queen production. To maximize the
transmission of genes between
generations, workers should want to
lay their own queen eggs (genetic
relatedness rw 1), but they have no
preference over raising sisters or
nieces (r = 0.3 in both instances,
assuming effective paternity of 10). By
contrast, the queen is equally related
to her daughters and worker-laid
granddaughters and so should be16. Greenspan, R.J., Tononi, G., Cirelli, C., and
Shaw, P.J. (2001). Sleep and the fruit fly. Trends
Neurosci. 24, 142–145.
17. Cirelli, C., and Tononi, G. (1999). Differences in
brain gene expression between sleep and
waking as revealed by mRNA differential
display and cDNA microarray technology.
J. Sleep Res. 8 (Suppl. 1), 44–52.eincarnation,
explicable Modes
are the most complex in the animal
s and a unique repertoire of
study reveals an insect society so
er our role as conquerors of complexity.
indifferent as to who lays the eggs.
On the basis of these unusual
relatedness values, Greeff [1]
predicted that worker policing should
be absent or reduced in the Cape
honeybee, such that workers
contribute substantially to the
production of new queens [2].
To test this prediction, Jordan
et al. [3] swapped queens or brood
between colonies in order to
distinguish queen-produced from
worker-produced offspring by
microsatellite genotyping. They found
that almost 60% of the new queens
were offspring of workers. At face
value, this appears to be unequivocal
evidence of an absence of worker
policing, as predicted by kin-selection
theory if worker reproduction does
not entail too high a cost at the colony
level [1,4]. However, the genetic
analyses revealed unanticipated
complexity, with over 65% of
worker-produced queens being the
offspring of workers originating from
foreign colonies. This has two
important consequences. Firstly,
because the eggs of such ‘drifting’
workers might not be policed as
efficiently as those of natal workers,
we cannot conclude that the high rate
of worker-produced queens stems
from a low rate of worker policing.
Secondly, the genetically based
prediction that worker policing should
be reduced becomes largely invalid
given that unrelated workers contribute
most to queen production. Instead,
we would expect strong selection for
policing by resident workers, as
previously reported by Pirk et al. [5],1Department of Zoology, University of
Cambridge, Downing Street, Cambridge
CB2 3EJ, UK. 2MRC Laboratory of Molecular
Biology, Hills Road, Cambridge CB2 0QH, UK.
E-mail: debono@mrc-lmb.cam.ac.uk
DOI: 10.1016/j.cub.2008.01.002although several other studies have
reported an absence of policing [6–8].
Social parasitism by drifting
workers has been reported in other
(arrhenotokous) honeybees. In the
Cape honeybee, the added incentive
of producing parthenogenetic queens
(rw 1) makes social parasitism
a lucrative strategy. Drifting behaviour
might therefore be more common in
species where parthenogenetic
production of queens by workers is
possible. Although scarce, the
available data are in line with this
prediction, with the average
proportion of drifting workers in Cape
honeybees (6.9%) being 2.5 times
higher than in other honeybee species
[9]. (It remains to be tested whether
the swapping of queens and brood
may have altered the recognition
mechanisms and consequently the
rate of worker drifting and policing
of worker-laid eggs. For example,
exposure to eggs from several
queens may increase worker
acceptance of non-nestmate brood
[10].) Jordan et al. [3] suggest that
the propensity to drift may be genetic.
If this is true, then social parasitism
may be a behavioural polymorphism
for an alternative reproductive
strategy, maintained in the population
by balancing selection. Colonies
with worker policing will exclude
reproductive free-riders, thus
avoiding the costs of parasitism but
also missing out on producing
parthenogenetic queens. Colonies
that lack worker policing allow
worker queen production but run the
risk of being parasitized. Thus, the
frequency of a drifting (or policing)
genotype may be maintained in the
population by frequency-dependent
balancing selection, in a similar way
to classical host–parasite systems.
An analysis of the microsatellite
genotypes revealed unanticipated
complexity in the reproductive genetic
system. Three of the brood were
homozygous and shared alleles
with the resident queen at all six
microsatellite loci. These brood were
